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Ontogenesis of myeloma
Multiple myeloma (MM) represents the far end of the spectrum of B cell-derived neoplasms. It is the neoplastic counterpart of terminally differentiated, immunoglobulin-producing, long-lived plasma cells (PCs). Long-lived PCs are a subset of PCs characterized by long-term (months to years) survival within the bone marrow (BM) and thought to be key for immunologic memory. 1, 2 Based on the sequencing of the immunoglobulin heavy chain (IgH) variable region of MM cells (MMCs), the first oncogenic events in MM appear to occur in the germinal center, likely during the processes of isotype class switching and somatic hypermutation, which are, by nature, mutation prone. 3 The observation that patients with premalignant PC dyscrasia monoclonal gammopathy of undetermined significance (MGUS) and/or smoldering MM (SMM) also carry these initial mutations suggests that they are necessary, but not sufficient, in MM pathogenesis. Late oncogenic events are thought to occur in the BM, after the founder cancer clone is completely differentiated into a long-lived PC ( Figure 1 ). 4 There is ongoing debate regarding the identity of the MM stem cells. Different groups have shown that both CD138 1 and CD19
2 cells are capable of tumorigenesis in mouse models.
However, CD138 1 tends to lose self-renewing potential after a few cycles of serial transplantation, whereas the putative B-cell stem clone was never proved to be clonally related to its putative CD138 1 progeny.
Overall, modification in the cytokine composition of the media used to maintain CD138 1 ex vivo successfully overcame the first issue, suggesting that the MM stem cell may be CD138
1 .
5
Evolution of MM from precursor dyscrasia
In 2 independent retrospective studies, MGUS was proved almost universally to precede the development of MM with a lifelong rate of malignant transformation of 1% per year. 6-8 MGUS is a common condition, being present in about 3% of white individuals aged .70 years and having an incidence increasing with age. 9 Although several laboratory and clinical predictive factors of neoplastic evolution of MGUS have been identified, the molecular basis of this transformation remains unclear. The neoplastic BM microenvironment has been hypothesized as a major determinant of such evolution. 9 Certain intrinsic characteristics of the MGUS clone (in particular, presence of cytogenetic abnormalities and/or DNA aneuploidy, non-IgG isotype of immunoglobulin production, and monoclonal protein quantification over 1.5 g/L) are predictors of MM progression. Free light chain-only MGUS has a lower rate of evolution to MM compared to full immunoglobulin-producing MGUS. 10 Infiltration of BM by malignant PCs exceeding 5%, presence of circulating PCs, and suppression of polyclonal normal BM PCs as assessed by multiparametric flow cytometry and/or serum immunoglobulin level are also predictive factors of malignant transformation. Detectable Bence Jones proteinuria and radiologically occult bone lesions on magnetic resonance imaging and/or positron emission tomography with computed tomography scans represent early signs of PC dyscrasia-related organ dysfunction.
11,12 Finally, dynamic changes in the level of the monoclonal (M) component with a progressive increase in the size of the M spike are also predictive of disease progression.
13 Similar risk factors exist for evolution of SMM to active MM. Whereas MGUS progresses to MM and related dyscrasia with an unremitting rate of 1% per year, SMM patients have a 10%-per-year rate of progression within the first 5 years of diagnosis, which then progressively reduces but never disappears, thus prompting more intense monitoring as compared to MGUS.
14 Recently, diagnostic criteria for PC dyscrasia have been revised in light of the natural history of a subset of SMM patients whose disease is characterized by rapid progression to MM, thus biologically behaving as active disease.
14 This is the case for SMM patients with BM infiltration by malignant PCs exceeding 60% and a free light-chain ratio favoring the malignant light chain by .100-fold or with .1 bone lesion detected via magnetic resonance imaging.
14

Molecular and signaling mechanisms in myeloma pathogenesis
Based on karyotype, MM is classified as nonhyperdiploid and hyperdiploid, with the latter accounting for 50% to 60% of cases and characterized by trisomies in odd chromosomes (3, 5, 7, 9, 11, 15, 19 , and 21). In contrast, nonhyperdiploid MMCs harbor translocations between 14q32, the locus of IgH, and one of several partner oncogenes like MAF (v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog), MAFB, MM SET domain (MMSET), fibroblast growth factor receptor 3 (FGFR3), and cyclins D1 and D3.
Later oncogenic events in MM pathogenesis include mutation-or expression-mediated activation of oncogenes such as Kirsten rat sarcoma RAS viral (v-ras) oncogene homolog (K-RAS) and neuroblastoma RAS viral (v-ras) oncogene homolog (N-RAS), v-myc avian myelocytomatosis viral oncogene homolog (MYC), phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), v-akt murine thymoma viral oncogene homolog (AKT), and B-Raf proto-oncogene (BRAF); and/or loss of function of oncosuppressor genes such as tumor protein 53 (TP53) and retinoblastoma 1 (RB1) (Figure 1 ).
The balance between proapoptotic and antiapoptotic members of the B-cell CLL/lymphoma 2 (BCL-2) family of proteins is key to determine the fate of a cell. Cancer cells (in particular, hematologic cells) frequently show upregulation of antiapoptotic members such as BCL-2, BCL2-like 1 (BCL2L1, also known as BCL-XL), and myeloid cell leukemia 1 (MCL-1). Translocation t(14;18) involving the BCL-2 locus was reported in 2% to 3% of MM patients, but protein level is elevated more frequently in primary MMCs and MM cell lines (MMCLs), suggesting a different mechanism of upregulation.
15
BCL2L1 and MCL-1 are similarly upregulated in MM via the interleukin (IL)-6-signal transducer and activator of transcription 3 (STAT3) axis. 16 Overexpression of the antiapoptotic BCL-2 proteins correlates with resistance to apoptosis in vitro and genomic instability, and it was predictive of treatment failure with interferon.
17
The transcription repressor B-cell CLL/lymphoma 6 (BCL-6) is a protooncogene in MM whose expression is significantly upregulated in the context of the BM milieu through the IL-6/STAT3, Janus kinase (JAK), and tumor necrosis factor (TNF)-a/canonical nuclear factor (NF)-kB pathways.
18
Constitutive signaling via the transcription factor X-box binding protein 1 (XBP-1), a key molecule in guiding commitment and differentiation to PCs and a downstream effector of the endoplasmic reticulum to nucleus signaling 1 (ERN1, also known as IRE1) branch of the unfolded protein response, was shown to be pathogenic in a MM murine model. 19 In line with this hypothesis, elevated messenger RNA level of the active, spliced form of XBP-1 (sXBP-1) correlated with Figure 1 . Pathogenesis of MM. The orange round cell represents a normal B cell, whereas the yellow round cell is a mutated, post-germinal center (GC) B lymphocyte that later differentiates into a long-lived PC (yellow oval). In MM pathogenesis, the initial genetic event (red square) is thought to occur in the GC, facilitated by the processes of somatic hypermutation and isotype switching, and characterizes the founder clone (F). Later genetic mutations occur at the time of transformation to MM (red circle), with de novo mutations (red geometric shapes) acquired during disease evolution and heterogeneously present in different subclones (S1 and S2). The genetic, epigenetic, and biological events occurring in the cancer clones and BM microenvironment during the evolution of premalignant dyscrasia to MM are outlined in the pink, green, and blue boxes, respectively. ECM, extracellular matrix.
poor prognosis in MM. 20 However, most recently, lack of sXBP-1 was proved to lead to decommitment from PC fate, decreased immunoglobulin production, escape from proteasome inhibitor-induced death, and eventually therapy failure and disease relapse, suggesting a dual role of this protein.
21
Overactivation of the transcription factors paired box 5 (PAX5), involved in the early process of B lymphomagenesis, and interferonregulating factor 4 (IRF-4), a modulator of innate and adaptive immunity, have been reported as critical for MM pathogenesis.
22,23
The pathogenic significance of other observed mutations in primary MMCs such as family with sequence similarity 46, member C (FAM46C), a putative oncosuppressor gene encoding for a protein of unclear function; SP140 nuclear body protein (SP140), a homolog of SP100 nuclear antigen (SP100) involved in B-cell antigenic response; the transmembrane receptor roundabout 1 (ROBO1), previously described as a key element of axonal guidance during neuronal development in embryos; and the transcription factor early growth response 1 (EGR1) remains largely unknown, and validation of these candidate genes is currently ongoing.
24,25
Epigenetics
Modulation of gene expression by means other than from alteration of DNA sequence has emerged as an important pathogenic mechanism in cancer, with epigenetic studies revealing novel molecular mechanisms of tumorigenesis. 26, 27 Large-scale epigenomic analysis of MMCs has been undertaken in an effort to further understand the pathogenesis of the disease and, in particular, the mechanisms underlying malignant transformation of MGUS and SMM.
Methylation of cytosines embedded in cytosine-phosphate guanine (CpG) islands in the promoter region of target genes is a well-defined epigenetic mechanism of transcriptional silencing. 28 A number of tumor suppressor genes are hypermethylated early in the course of MM, with evidence that methylation increases during the process of MM evolution, reaching its acme at the PC leukemia stage. 29, 30 Histone methylation and acetylation are also altered in MM. 31 Histone deacetylases are generally hyperactive in MM, resulting in globally increased gene transcription; and alteration of the MMSET gene via the t(4;14) results in aberrant histone methylation, with the net effect of increasing transcription of several oncogenes. 32 Bromodomains exert an epigenetic function via their direct interaction with acetylated lysine residues. The bromo and extra-terminal (BET) family of bromodomains was recently proved to induce Myc expression in MM and proved to be a potential drug target in anti-MM therapy.
33
MicroRNA (miR) microarray analysis identified altered expression of several miRs in primary MMCs derived from MGUS and MM patients.
34 miR-21, miR-32, miR-17-92, miR-106b, miR-181a and b, miR-221, miR-222, and miR-382 are overexpressed in MMCs compared to normal PCs, whereas miR-15a and miR-16 are downregulated. Interestingly, although certain miRs are overexpressed also in MGUS patients, others such as miR-32 and miR-17-92 are only upregulated in MM, suggesting a potential pathogenic role of the latter in malignant evolution from MGUS. Although the pool of genes targeted by the miRs deregulated in MM is different, the overall result of their dysregulation in MM is increased proliferation and resistance to apoptosis.
35
Genomic instability: a pathogenic mechanism for progressive disease
In a 1976 seminal paper, Dr Nowell first introduced the concept of clonal heterogeneity and evolution in cancer by adapting the Darwinian theory of random genetic mutations and environment-based selection of the fittest clones to cancer pathogenesis. 36, 37 Array comparative genomic hybridization, whole-exome sequencing, and whole-genome sequencing proved that clonal heterogeneity increased during MM pathogenesis from MGUS via SMM to MM and eventually PC leukemia, consistent with worsening genomic instability during disease evolution. 24, 25, 38 The potential impact of certain therapies (in particular, alkylating agents and lenalidomide) on increased genomic instability and clonal evolution has been reported. 39, 40 Deep sequencing of IgH and immunoglobulin light chain (IgL) loci proved oligoclonality in 12% of MMCs obtained from a cohort of 193 MM patients. The immunoglobulin sequence was related in two-thirds of these patients, suggestive of evolution from a common founder clone, with immunoglobulin isotype switch and somatic hypermutation responsible for the formation of clones in 73% and 27% of patients, respectively. 41 These observations suggest that the processes of isotype switching and somatic hypermutation can persist after evolution of MGUS to MM and terminal differentiation in PCs.
Analysis of paired samples obtained from MM patients at different times during the course of their illness provided the opportunity to study the pattern of evolution of clones over time. Four patterns have been described most recently, underscoring the intricate and dazzling nature of biological variability.
25
High-density single nucleotide polymorphism array analysis in newly diagnosed MM patients revealed structural abnormalities (deletions and amplifications) to be almost universally present in MM patients (98% of individuals in a cohort of 192). 42 Recently, ongoing DNA damage response was found activated at baseline in MMCLs and primary cells in association with active nonhomologous end joining and homologous recombination.
43,44 Eukaryotic cells are equipped with a number of stress response pathways, such as the unfolded protein response or the DNA damage response, whose function is the maintenance of homeostasis in the face of its perturbation. Physiologically, if cell stress is overwhelming in duration or intensity, or if the damage to the cell cannot be repaired, these pathways activate the apoptosis cascade. Most recently, loss of function of the transcription cofactor Yes-associated protein 1 (YAP1), a downstream molecule in the Hippo pathway, was reported as relevant in MM escape from DNA damage, providing some insight into the molecular mechanisms behind resistance to stress-induced apoptosis.
44
Beyond the cancer clone(s): the importance of the BM milieu Tumor cells do not grow isolated from their surroundings, but they rather establish close ties with the microenvironment important for tumor survival and progression ( Figure 2) . 45 Unlike solid malignancies, where the sites of primary disease and metastases are typically distinct, MM is characterized by widespread cancer involvement of multiple sites within the same microenvironment: the BM. The BM niche, therefore, acquires primary interest as a pathogenic factor in MM. Although the BM milieu has been shown to induce tumor proliferation, resistance to apoptosis, and cancer cell trafficking and homing, a definite pathogenic role for the BM niche in the progression of MGUS and SMM to active MM remains under investigation. 46 It is well established that a bidirectional signaling loop exists between MMCs and BM microenvironment cells and that BM microenvironment of MM patients differs in its cellular and noncellular composition from that of healthy individuals ( Figure 2 BMSCs. BMSCs are a major constituent of the BM space, where they support and nurture the hematopoietic cells. 50 Similarly to other cellular components of the BM, malignant and normal BMSCs are functionally different, and BMSCs derived from MM patients support MM proliferation, resistance to apoptosis, drug resistance, migration, and invasion via both direct cell-to-cell contact and through secretion of cytokines and chemokines. 46 Several molecular mechanisms mediating such functions have been identified. The interaction of BMSCs with MMCs via the vascular cell adhesion molecule 1/integrin b1 (VCAM1/ ITGB1), intercellular adhesion molecule 1/integrin b2 (ICAM1/ITGB2), and mucin 1 cell surface-associated (MUC1) axes triggers a bidirectional signaling cascade, leading to activation of NF-kB and MAPK1 pathways in BMSCs and of MAPK1 in MMCs. 46 In turn, NF-kB and MAPK1 signaling causes the secretion of proproliferative, antiapoptotic, and chemotactic cytokines such as IL-6, CXCL12, IGF-1, and VEGFA, which further support myelomagenesis. Furthermore, engagement of the Notch1 receptor on MMCs by BMSCs results in protection from alkylating and intercalating agents by a p21-dependent and NF-kB-independent mechanism. 51 Mesenchymal stem cells. Mesenchymal stem cells (MSCs) are precursor cells retaining the capacity to self-renew and differentiate into a variety of cell types, including fibroblasts, adipocytes, chondrocytes, and OBs/osteocytes. 52 In vitro, they are the precursors of BMSCs. MM-associated MSCs (MM-MSCs) and healthy donor-derived (HD)-MSCs differ at baseline in their genomic and cytokine production profile. MM-MSCs produce more VEGFA, IL-6, IL-1b, and TNF compared to their normal counterparts, thus favoring MMC proliferation and inhibiting OB function and differentiation. 53 MM-MSCs further favor tumorigenesis by transferring oncogenic factors, including IL-6, chemokine (C-C motif) ligand 2 (CCL2), and fibronectin, to MMCs via exosomes. 54 Exosomes released by MM-MSCs were also noted to contain a different pattern of miRs; in particular, a lower level of the oncosuppressor miR-15a. Overall, in vitro exposure of MMCs to MM-MSC-derived exosomes induced MMC proliferation, secretion of IL-6, and adhesion to fibronectin, which reflected tumor growth and increased BM homing in animal models. However, HD exosomes displayed an antitumorigenic effect on MMCs in vitro and in vivo. 54 Recently, MM-MSCs were also found to have upregulated miR-135b, resulting in decreased SMAD family member 5 (SMAD5) expression and impaired capacity of OB differentiation. 55 Whether these functional differences between MM-MSCs and HD-MSCs are acquired or intrinsic is still a matter of debate. Indeed, MM-MSCs carry genomic abnormalities that are not present in HD-MSCs, and their normal regenerative function appears to remain impaired long-term, even in disease-free patients. 56, 57 However, the contribution of such genetic mutations to the phenotype is unclear because HD-MSCs cocultured with MMCs in vitro acquire a phenotype similar to MM-MSCs in a matter of hours. 58 Despite these differences, in vitro coculture of an MMCL with either type of MSC resulted in similar upregulation of genes involved in MM chemotaxis, neoangiogenesis, OC induction, and OB inhibition. However, genes associated with ribosome function, the ubiquitin-proteasome pathway, and the noncanonical WNT pathway were modulated only in patient-derived MSCs. 59 These results suggest that myeloma cells exert a major role in influencing the function of MSCs, but that healthy and cancer-derived MSCs also respond differently to this interaction.
The osteoblastic niche. OBs are the bone cellular component responsible for apposition of new bone, thus counterbalancing the function of OCs, the bone-resorbing cells. Various hormones, bone paracrine molecules, nutrients, drugs, and disease states influence the function of either cell type, modulating bone remodeling. In a physiological healthy state, equilibrium between OB and OC function exists, thus guaranteeing adequate bone mass. 60 OBs differentiate from BM MSCs under the effect of both hormonal and paracrine stimuli, with parathyroid hormone, glucocorticoid hormones, and estrogens being the major hormonal regulators, whereas TGF-b and bone morphogenetic proteins are important paracrine factors. Murine models unequivocally showed that the transcription factor Runt-related transcription factor 2 (RUNX2) is the master regulator of OB differentiation and that the canonical WNT pathway plays a key role in osteoblastogenesis. [61] [62] [63] [64] [65] In the long bones, OBs localize in the endosteum at the junction between trabecular bone and red marrow, where they play an important role in the support of hematopoietic stem cells. 66 In MM patients, the osteoblastic niche is depleted in favor of an overabundance of OCs, which support cancer cell proliferation and resistance to apoptosis and whose exuberant activity is responsible for MM-related bone disease and lytic lesions. 67 In vitro, MMCs favor osteoclastogenesis while inhibiting osteoblastogenesis. Molecular mechanisms of the antiosteoblastic effect of MMCs include downregulation of Runx2 in MSCs and differentiated OB progenitors; increased production of WNT pathway inhibitors, including dickkopf WNT signaling pathway inhibitor 1 (DKK1); secretion of antiosteoblastic factors such as TGF-b and hepatocyte growth factor; and constitutive activation of the Notch pathway.
53
On the other hand, in coculture with MMCs, OBs increase the secretion of IL-6, thus supporting MM proliferation. 68 Furthermore, the paracrine release of osteoprotegerin seems to be protective against TNF-related apoptosis-inducing ligand/Apo2 ligand (TRAIL), thus functioning as an antiapoptotic stimulus.
69
OCs. A maladaptive prosurvival and bidirectional loop also exists among OCs (the bone-resorbing cells) and MMCs. 70 This interaction is clinically relevant because it results in MM-related bone disease, manifesting as osteopenia, lytic lesions, and eventually pathological fractures. 71 Increased osteoclastogenesis in MM is largely determined by the aberrant composition of the soluble BM milieu. The normal balance between the proosteoclastogenic TNF ligand superfamily member 11a (TNFSF11A, also known as RANKL) and the antiosteoclastogenic RANK-decoy receptor osteoprotegerin is lost in MM in favor of the former. Other pro-OC cytokines such as MIP-1a, IL-6, IL-7, and IL-3 are also detected at higher concentration in the serum of MM patients compared with healthy donors and contribute to osteoclastogenesis and MM-related bone disease. 71 Moreover,
as discussed later, a number of hematopoietic cells can differentiate into OCs in the context of the abnormal MM BM milieu, thus further fueling the maladaptive MMC-OC axis. OCs contribute to MM pathogenesis, not only via their boneresorbing properties but also by secreting IL-6 and osteopontin, thus stimulating MM proliferation and angiogenesis, respectively. 72 Vascular endothelial niche and angiogenesis. Neoangiogenesis and increased vessel density, hallmarks of MM evolution from MGUS and SMM, portend an adverse prognosis after high-dose therapy and hematopoietic stem cell transplant. 73, 74 Although constitutive activation of HIF-1a; aberrant expression of HIF-2 by MMCs; and elevated levels of VEGFA, hepatocyte growth factor, and syndecan-1 have all been shown to promote angiogenesis in MM, increased tumor burden and loss of an inhibitor of angiogenesis during evolution from MGUS to MM have proved to be major determinants of increased microvessel density in MM patients. 75, 76 Similarly to MSCs, endothelial cells derived from MM patients display a gene expression profile that is characteristically different from ECs obtained from MGUS patients and, overall, is characterized by the upregulation of chemotactic, neoangiogenetic, and proproliferative factors, including CXCL12 and elements of the ECM. 77 CAFs and adipocytes. Fibroblasts differentiate from MSCs and generally play a structural, supportive role in tissues. Fibroblasts infiltrating the cancer microenvironment have been shown to functionally differ from their normal counterparts. In particular, CAFs play a pivotal role in inducing epithelial-mesenchymal transition and promoting metastasis in solid malignancies. 78 In mouse models, a bidirectional loop between MMCs and CAFs was demonstrated, with the former inducing CAF proliferation, which in turn promoted MM progression and angiogenesis. 79 Furthermore, BM fibroblasts from patients with PC dyscrasia produce ECM components that differ from those of healthy individuals. 80 In particular, during the evolution from MGUS to MM, a pool of ECM proteins is progressively upregulated; most prominently, integrin a5b5, periostin, matrix metalloproteinase 2 (MMP2), platelet-derived growth factor receptor b, laminin a4, plasminogen activator inhibitor-1, lysyl-hydroxylase 2, prolyl 4-hydroxylase 1, nidogen-2, c-type mannose receptor 2, and basigin.
Adipocytes were also shown to support MMC proliferation, survival, and migration in vitro partially through the effect of the soluble factor leptin, suggesting that these cells, abundant in the BM of elderly individuals, might have a role in MM pathogenesis. 81 
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For personal use only. on April 19, 2017. by guest www.bloodjournal.org From T, natural killer, and NK-T lymphocytes. Similar to other cancers, MMCs are capable of escaping immunologic surveillance by inducing immune tolerance and T-cell anergy. Indirect evidence of the importance of an immune response in limiting MMC growth and survival is provided by the prolonged disease-free survival experienced by a number of MM patients post-allogeneic hematopoietic stem cell transplant, where the graft-versus-myeloma effect is thought to be the main determinant of therapeutic success. The composition of lymphocytes present in the MM microenvironment substantially differs from that in a healthy subject. 82, 83 Under the priming of elevated concentration of IL-6 and TGF-b, T H17 cells are abundant in the BM of MM patients. 84, 85 These are a distinct subset of CD4 1 T helper lymphocytes characterized by a peculiar pattern of cytokine production: IL-17, IL-17F, IL-21, and IL-22. 86 In the context of the BM cytokine milieu of MM patients, T H17 cells suppress cancer immune surveillance by secreting IL-17 and IL-10. IL-17 also serves as a proosteoclastogenesis factor, providing an indirect mechanism of MMC support and contributing to MM-related bone disease. 85 Moreover, in solid tumors, IL-17 has been shown to be a proangiogenic factor and a chemoattractant for MDSCs, providing 2 other mechanisms of tumor pathogenicity. 87, 88 Such functions have not been described in MM to date but raise the possibility of a broader procancer activity of T H17 cells. Tregs have a similar immunosuppressive function on cytotoxic T cells and antigen-presenting cells via both cell-to-cell contact and release of IL-10 and TGF-b. 89 MM-derived Tregs are characterized by a higher secretion of these cytokines, consistent with a functional aberrancy, and increased functional Tregs in the peripheral blood of MM patients directly correlate with worse prognosis. 90 
Cytotoxic CD8
1 T cells in the BM microenvironment of MM patients differ from their counterparts in healthy subjects in the repertoire of T-cell receptor (TCR) co-receptor molecules. Increased expression of PD-1, a TCR co-receptor with inhibitory function, was shown on BMresident cytotoxic T cells of MM patients. Coupled with overexpression of PD-L1 on the surface of MMCs, the increased expression of PD-1 on cytotoxic T cells account as one of the major mechanisms of immunologic tolerance in MM. 91, 92 Clinical trials implementing pharmacologic blockade of PD-1 or PD-L1 are currently ongoing, predicated on these observations and the positive results obtained with these molecules in solid cancer, particularly melanoma. [93] [94] [95] Beyond their role in the immunologic escape of MMCs, T cells also contribute to MM-related bone disease by supporting osteoclastogenesis. In an IL-6-and IL-7-mediated process, activated T cells modify their pattern of cytokine production by increasing RANKL and by decreasing interferon g secretion, thus favoring OC proliferation and activity. 96 Natural killer (NK) cells are also functionally impaired in MM patients with downregulation of the NK group 2D (NKG2D) activating receptor and upregulation of the inhibitory co-receptor PD-1. 90 During the evolution of MGUS to MM, cells acquire the capacity of shedding major histocompatibility complex class I polypeptide-related sequence A (MICA), a ligand for NKG2D that triggers NK cell-mediated lysis when expressed on the cell surface. However, soluble MICA causes downregulation of NKG2D, contributing to MMC immune escape. 97 NK-T cells are CD-1d restricted T cells that bind to lipidic antigens. Type I NK-T (iNKT) cells, expressing an invariant TCR, have been described to play an important role in anticancer surveillance, largely by stimulating DC and NK cell activity. 98 In MM, progression of disease and relapse is associated with deficiency in NK-T cells. 99 Stimulation of iNKT cells via treatment with a-galactosylceramide-loaded monocyte-derived DCs has been reported, with augmentation with lenalidomide in vitro. 100 Therapy with such iNKT cells with low-dose lenalidomide resulted in clinical responses in a small cohort of SMM patients, associated with activation of iNKT cells, NK cells, and monocytes. 101 MDSCs. MDSCs represent the result of a short-circuit arrest in the normal differentiation process of myeloid precursors in the BM induced by the abnormal BM cytokine milieu in states of chronic inflammation such as cancer, infection, and trauma. 102 These pathological states cause accumulation of a heterogeneous population of immature myeloid precursors with an immunosuppressive function, thus the name MDSCs. Several groups demonstrated the capacity of MMCs to expand MDSCs in murine models, which is hypothesized to contribute to myeloma pathogenesis at least in 2 ways: first, by exerting an antiproliferative effect against lymphocytes via increased nitric oxide production, L-arginine depletion, and IL-10 secretion; and second, by differentiating into OCs in the context of a RANKL-rich milieu. 103, 104 Macrophages. Within the tumor microenvironment, MDSCs can also differentiate into tumor-associated macrophages (TAMs), which are phenotypically and functionally distinct from their precursor cells. TAMs can also be the product of differentiation of circulating monocytes, which are attracted to cancer cells via chemoattractants. 105 MMCs secrete 2 potent macrophage attractants: CCL2 and MIP-1a. 106 TAMs contribute to MM pathogenesis in 3 different ways. First, they are a major source of IL-6 as well as other pro-MM cytokines such as TNF-a and IL-1b. Second, they produce IL-10, a major mediator of cancer immune tolerance by suppressing the function of T cells. Lastly, macrophages contribute substantially to angiogenesis by releasing VEGFA and nitric oxide and acquiring the capability of differentiating into EC-like cells under the autocrine/paracrine effect of VEGFA.
107,108
The role of hypoxia in MM pathogenesis
The BM microenvironment is hypoxic, resulting in elevated expression of HIF-1a and VEGFA and increased neoangiogenesis in MM patients. 109 In vitro, HIF-1a was shown to be necessary for BMSCand IL-6-induced MM proliferation and survival. 110 Mouse models harboring MMCs lentivirally transduced with short hairpin RNA against HIF-1a demonstrated decreased tumor burden, neoangiogenesis, and MM-related bone destruction, thus supporting the development of molecularly targeted HIF-1a inhibitors for MM treatment. 111 Moreover, hypoxia drives epithelial-to-mesenchymal transition in MM, thus promoting tumor trafficking and metastasis, and appears to induce a stemlike phenotype in vitro. [112] [113] [114] Recently, recapitulation of chronic hypoxia in vitro caused increased exosome production in MMCs, with upregulation of miR-135b content. 115 miR-135b directly downregulated factor-inhibiting HIF-1 in endothelial cells, resulting in increased angiogenesis. Finally, hypoxia has been exploited to selectively deliver cytotoxic drugs to MMCs via the hypoxia-activated prodrug TH-302, now in clinical development.
116,117
Soluble factors
MMCs and BMSCs profoundly influence each other's behavior via a variety of molecular mechanisms. Among these, changes in the secretion of cytokines, growth factors, and chemokines play a prominent role in supporting cancer cell growth, survival, trafficking, and resistance to therapies.
IL-6. BMSCs and macrophages are the main source of IL-6 production. 118 In a bidirectional loop, binding of BMSCs to MMCs triggers increased IL-6 production by BMSCs, which in turn acts in a paracrine fashion on MMCs. 119 Other BM milieu cytokines such as TNF-a, IL-1b, and IL-17 also induce increased secretion of IL-6 by BMSCs. 120, 121 The binding of IL-6 to its receptor on the MMC membrane triggers signaling via the MAPK, JAK2/STAT3, and PI3K/ AKT pathways, resulting in MMC proliferation and survival. Importantly, IL-6 is one of the mediators of dexamethasone resistance in MMCs via protein tyrosine phosphatase, nonreceptor type 11 (PTPN11, also known as SHP2). 122, 123 IGF-1. Similar to IL-6, IGF-1 is an important mediator of MMC growth, survival, migration, and dexamethasone resistance. 124 In vitro, IGF-1 signaling via the PI3K/AKT, MAPK, and NF-kB pathways results in increased telomerase activity and upregulation of the antiapoptotic molecules, such as surviving cellular FADD-like IL-1b-converting enzyme (FLICE)-inhibitory protein (c-FLIP), X-linked inhibitor of apoptosis protein (XIAP), cellular inhibitor of apoptosis 2 (cIAP-2), and BCL-2-related protein A1 (BFL1). 125, 126 CXCL12/CXCR4 and the relevance of BM homing in MM. CXCL12 (also known as stromal cell-derived factor 1a, SDF-1a) is the ligand of CXCR4. The former is produced by BMSCs, whereas MMCs express the latter.
127 CXCL12 is highly expressed at BM sites of metastatic disease from solid tumor or MM and plays a major role in directing homing and trafficking of MMCs. 128, 129 Signaling through CXCL12-CXCR4 results in modest direct effect on MM proliferation and resistance to dexamethasone. However, CXCL12 induces IL-6 and VEGF secretion by BMSCs, thus indirectly promoting MMC proliferation, antiapoptosis, neoangiogenesis, and resistance to therapy. Importantly, blockade of the CXCL12/CXCR4 pathway in murine MM models results in decreased MMC homing and growth, thus halting disease progression. 129 
Exosomes
Most recently, cancer cells and microenvironment cells have been shown to exchange macromolecules, including nucleic acid, via exosomes and microvesicles. [130] [131] [132] MMCs have the capability of uptaking miRs contained in BM mesenchymal cell/BMSC-derived exosomes. 54 The exogenously acquired miRs modulate gene expression similarly to endogenous miRs, providing a further layer of complexity in the epigenetic modulation of genes in MM. Of note, Roccaro and colleagues 63 reported that the content of exosomes differs significantly between normal and MM-derived BM mesenchymal cells/BMSCs. For instance, the oncosuppressor miR-15a is downregulated in exosomes derived from BM mesenchymal cells/ BMSCs derived from MM patients. Furthermore, exosomes have been shown to mediate drug resistance in MM. 133 This observation further supports the hypothesis that the cancer microenvironment is not just an innocent bystander in the oncogenic process but contributes actively to cancer pathogenesis. Although there is no scientific evidence at this time, it has been postulated that exosomes may transfer genetic material (in particular, oncogenes) into tumor cells, suggesting a completely novel mechanism for oncogenesis. 133 
Extracellular matrix
There is growing evidence that proteins in the ECM play an active role in supporting MMC growth and survival. Proteomic analysis of BMresident fibroblasts obtained from healthy individuals vs patients with MGUS and MM demonstrated a clearly different spectrum of ECM protein production, suggesting that a bidirectional signaling loop exists between fibroblasts and MMCs, resulting in the production of an ECM component more suitable for cancer cell growth. 80 Indeed, in vitro studies demonstrated that hyaluronan and fibronectin, 2 components of the ECM, mediate drug resistance in MM. 134 Research efforts are now directed at understanding the molecular mechanisms by which MMCs modify the pattern of ECM protein production in BM-resident fibroblasts and investigating whether MMCs themselves are responsible for the secretion of ECM components that are predominant during disease evolution from MGUS.
Syndecan-1 (also known as CD138), a type I transmembrane heparan sulfate proteoglycan, is highly expressed by MMCs and can undergo proteolytic cleavage and shedding in the extracellular environment. Although the transmembrane form binds to collagen type I in the ECM and is relevant for MMC adhesion, the shed form promotes MMC growth, invasion, and migration in a murine myeloma model. Consistent with this model, high levels of soluble syndecan-1 correlate with tumor burden and worse prognosis in MM patients. 135 
Conclusions and remarks
High-throughput technologies, most prominently deep sequencing, have identified various genomic aberrations that provide MMCs with the ability to proliferate in an uncontrolled fashion. A comprehensive understanding of the genomic landscape of MM and of the pivotal role of the BM microenvironment in providing the right milieu for further growth and survival explains the overall MM biology, particularly during the evolution from premalignant PC dyscrasia to active disease. The repercussions for patient care are immediate because an improved knowledge of the molecular mechanisms of MM pathogenesis continues to be the foundation for the development of more efficacious therapies targeting the cancer cells in the context of the malicious microenvironment. 
